INTRODUCTION
One of the challenges for behavioral neuroscience is to find ways to stimulate the brain to compensate for injury to the cerebral cortex. One of the obstacles to compensation, however, is that functions are relatively localized in the cerebral cortex. Indeed, during the 100 years that followed Broca's first paper in 1861 showing cerebral localization of language, the concept of functional localization dominated the neurological sciences. The bulk of the evidence emphasized the synaptic connectivity of cerebral areas, with the general implication that the brain was largely hard-wired. There is little doubt, for example, that functions of the occipital cortex are dependent upon visual input and appropriate output connections. It is thus impractical to imagine that the somatosensory cortex would be able to participate in the recovery of visual functions. The last 25 years has shown a marked change in thinking, however, as it is now clear that the cerebrum is capable of considerable plasticity. The challenge is to find a way to stimulate the remaining parts of localized neural circuits to do 'more with less'. On the surface, *Corresponding author:
tel: 403-329-2405; fax: 403-329-2555 e-mail: Kolb@uleth.ca given that cerebral regions are already presumably working to capacity, this would seem to be an insolvable problem. But there have been clues for over 100 years that cerebral organization may be at least somewhat flexible. For example, it has been known since the late 1800s that damage to the left hemisphere of children does not necessarily lead to permanent language deficits. As early as 1877, Barlow reported on a young boy who had a serial lesion of the left and then right frontal lobe. The boy was initially aphasic after a left-side lesion but recovered, only to become aphasic again after a right-side lesion. Even Broca was aware that children might not be so dependent on the left frontal operculum and wrote, I am convinced that a lesion of the left third frontal convolution, apt to produce lasting aphemia [aphasia] in an adult, will not prevent a small child from learning to talk (Finger & Almli, 1988, p. 122 ).
More recent research has shown not only that Broca was correct, but it has provided an explanation for how the brain is able to accomplish this. For example, Rasmussen and Milner (1977) showed that infants with unilateral injury to the anterior speech zone shift language to the opposite hemisphere (e.g., Buckner & Petersen, 2000; Kinsboume, 1971; Vallar, 1990) . Thus, it appears that at least some functions can show compensation by recruiting the intact, opposite hemisphere. But what about the possibility of the residual regions in the injured hemisphere showing some form of compensatory change? Although this is apparently less common, there is accumulating evidence that some degree of functional compensation is possible from the activation of perilesion regions of the injured hemisphere, both in patients and laboratory animals (e.g., Glees & Cole, 1950; Jenkins & Merzenich, 1987) . Furthermore, computer modeling has shown the possibility of functional compensation in the cortical response to focal damage (Reggia et al., 2000) .
In [Steward, 1991] Kennard, 1942) . She made unilateral motor cortex lesions in infant and adult monkeys. The behavioral impairments in the infant monkeys were milder than those in the adults, which led Kennard to hypothesize that there had been a change in cortical organization in the infants and these changes supported the behavioral recovery. In particular, she hypothesized that if some synapses were removed as a consequence of brain injury, "others would be formed in less usual combinations" and that "it is possible that factors which facilitate cortical organization in the normal young are the same by which reorganization is accomplished in the imperfect cortex after injury" (Kennard, 1942;  239). Kennard's findings were seductive because they were consistent with the evidence noted above that infants with left hemisphere damage were not aphasic. On the other hand, there were dissenting views that suggested that early brain damage might actually be worse, or at least no better, than later injury (e.g., Hebb, 1947; Goldman, 1974) . One clear hypothesis from these studies is that whatever conditions allow substantial functional recovery after infant injury should be associated with one type of synaptic reorganization (presumably reflecting an increase in total synapses), whereas those conditions that do not allow recovery or make the outcome worse should be associated with synaptic loss. In order to test this hypothesis, we removed the frontal cortex of different groups of rats at various ages ranging from embryonic day 18 (the gestation period of a rat is about 22 days), through infancy and adolescence (e.g., Kolb, 1995) . The behavioral results can be illustrated by the skilled reaching and spatial navigation performance of rats with removal of the frontal cortex on embryonic day 18 (El 8), posmatal day 1 (P1), P5, P10, or P90 (i.e., adult). In the former task, rats are trained to reach through a slot to grasp food (Whishaw, 2000) whereas in the spatial task the rats are trained to find a hidden platform in a swimming pool (Morris, 1981) . Figure 1 shows that rats with lesions on day 1 show severe deficits relative to control animals, whereas rats with lesions on day P5 or in adulthood show intermediate deficits, and those with E18 or P10 lesions show no deficit at all. Similar results are also seen when the motor, posterior parietal, posterior cingulate, or occipital cortex are damaged at similar ages (e.g., Kolb et al., 2000; 1987) . Subsequent Golgi analysis showed that those groups that show functional restitution also show an increase in dendritic arborization and/or spine density (e.g., Kolb & Gibb, 1993; ) (see Fig. 2 ).
The results of our developmental studies therefore show three important points. In order to examine the possibility that there might also be changes in cortical connectivity with other structures, we used retrograde tracing techniques to map the cortical-cortical, corticalthalamic, and cortical-fugal pathways after frontal or motor cortex lesions on days 1 or 10. The results were surprising as animals with frontal lesions on day 1 showed massive changes in cortical connectivity but these animals had the worst behavioral outcome (Kolb et al., 2001a; 200 lb; Kolb et al., 1994) . Furthermore Table 1 ).
The results of our studies reveal three basic results. ) (see Fig. 4 ).
Finally, we have shown that repeated injections of nicotine stimulated large changes in dendritic arborization in prefrontal cortex and nucleus accumbens of otherwise normal animals (Brown & Kolb, 2001 (Kolb & Gibb, unpublished) . Thus, rats with tactile stimulation show an unexpectedly large attenuation of the behavioral deficits ofcerebral injury as a result of this rather brief 'therapy'. In fact, the rats with posterior parietal lesions on day 4 showed substantial recovery of performance in various spatial and motor tasks, such as skilled reaching. This is a stunning reversal of a devastating functional loss normally seen in animals with such injuries at this age. Analysis of the brains showed a reversal of the atrophy of the remaining cortical neurons normally associated with such early lesions. Thus, a treatment that reversed the dendritic atrophy after perinatal lesions also reversed the severe functional disturbance from the early lesion.
In parallel studies, we have placed rats that had cortical lesions in the first week of life in complex environments for 3 months, beginning at the time of weaning or in adulthood. The animals placed in the environments as juveniles showed a dramatic reversal of functional impairments that was correlated with increased cortical thickness (e.g. Kolb & Elliott, 1987) . The dramatic improvement in the animals with the earliest injuries carries an important message for it suggests that even the young animal with substantial neural atrophy and behavioral dysfunction is capable of considerable neuroplasticity and functional recovery in response to behavioral therapy. When animals with similar injuries were placed into enriched environments as adults they showed a less impressive reversal of functional losses, although they did show marked reversal of dendritic atrophy (Kolb et al., 2001 ). The brain thus appears to be capable of considerable environment-mediated modification after early injury, although the timing of the postinjury therapy does appear to make some difference (Table 2) . Perhaps the synaptic organization of the remaining brain can be more easily remodeled if the reorganization occurs while the brain is still developing, whereas it is more difficult to remodel a brain with infant injuries once the synaptic organization has stabilized in adulthood.
One reasonable question we might ask is just how complex or enriched environments for rats relate to environmental stimulation for children. In particular, it seems likely that standard laboratory housing for rats is rather sterile compared to the usual environment of feral rats so if we try to generalize to humans we are left wondering how stimulating an environment would have to be in order to induce functional changes in human infants. One way to answer this question is to consider what animals do in the complex environments. They are provided with novel objects to interact with every few days; they get a lot of sensory input and motor activity as they move about the compounds; and, they have considerable social experience as they live in groups of six to eight other animals. The experience is thus perceptually and socially stimulating, motorically demanding, and is continuous for several weeks or months. Although we do not know which aspects of this experience are the most important, our guess is that all contribute because they stimulate different types of brain activity. Thus, our best guess as we generalize to human infants is that therapies would include perceptual stimulation, including novelty, as well as social interaction and motor activities.
In view of our findings that both neurotrophic factors and nicotine could stimulate functional recovery after cortical injury, we also asked whether such treatments might influence functional recovery after cortical injury in infancy.
In one series of studies, rats were given bilateral frontal lesions on postnatal day 3 and then given daily injections of bFGF for a week (Kolb et al., 2000) . This treatment led to a dramatic improvement in functional outcome that was equivalent to that seen in animals placed in complex environments at weaning. In another series of experiments, female rats were implanted with minipumps that subcutaneously infused nicotine throughout their pregnancy. The infants were given frontal lesions on postnatal day 3, but no further treatment with nicotine. Again, there was a significant benefit to nicotine treatment, although in this case it was nicotine that was administered before the cortical injury and, indeed, before birth (McKenna et al., 2000) . We have not yet completed our Golgi analyses of the bFGF and nicotine-treated brains, but the prediction is clear: the treated animals are expected to show a reversal of the dendritic atrophy that normally characterizes the brain with cortical injury in the first few days of life.
In sum, the infant-damaged brain is especially responsive to both behavioral and pharmacological treatments that are initiated in infancy. Importantly, in the one study in which behavioral treatment was initiated in adulthood, there was a significantly attenuated functional benefit. This latter result implies that therapeutic programs should be initiated early after cortical injury in infants if they are to be effective in leading to significant functional compensation. Our finding that prenatal nicotine treatment can influence recovery from later brain injury is intriguing and leads us to wonder how other prenatal events might influence functional recovery from cortical injury either in infancy or adulthood and, additionally, whether such events might interact with postnatal treatments.
Stimulating neurogenesis after cortical injury
Although we have emphasized changes in remaining cortical neurons after injury, recent advances in our understanding of the nature of stem cell activity in the postnatal brain (e.g. Gould et al., 1999; Weiss et al., 1998) leads one to question whether it might be possible to stimulate neurogenesis after cortical injury. In the course of studying the effect of restricted lesions of the medial frontal cortex or olfactory bulb, we discovered that, in contrast to lesions elsewhere in the cerebrum, midline telencephalic lesions on postnatal day 7 to 12 led to the spontaneous regeneration of the lost regions, or at least partial regeneration of the lost regions (Fig. 5) . Similar injuries either before or after this temporal window did not produce such a result. Analysis of the medial frontal region showed that the area contained newly generated neurons that formed at least some of the normal connections of this region . Furthermore, animals with this regrown cortex appeared virtually normal on many, although not all, behavioral measures . Additional studies showed that if we removed the regrown tissue, functional recovery was eliminated (Temesvary et al., 1998) . Parallel studies found that it was possible to block regeneration of the tissue with prenatal injections of the mitotic marker bromodeoxyuridine (BrdU), and in this case there was no recovery of function , a result that implies that the regrown tissue was supporting recovery. Thus, in 
